Protection relay is an important part of any electric power system. Recently, many neural networks have been applied to protective relaying. This paper proposes a model of inverse definite minimum time overcurrent relay (IDMT) based on adaptive linear neuron (ADALINE), an emerging adaptive neural network. The different blocks of the model, especially the ADALINE block, were introduced in details. To evaluate its performance, the model was simulated on the Matlab, and then validated by hardware-in-the-loop (HIL) tests in the SCAMRE laboratory. The HIL tests used a Sepam series 80 (S80) protection relay (Schneider Electric), and an OP5600 real-time digital simulator (OPAL-RT). The simulation results agree well with the test results, which confirms the reliability of our model. The proposed model has two unique advantages: First, the designed relay boasts the merits of artificial intelligence (AI); second, the model supports three characteristic curves of the IDMT under the IEC60255 standards: standard inverse (SI), very inverse (VI) and extremely inverse (EI). The research results promote the development of a valid, intelligent IDMT overcurrent protection relay.
INTRODUCTION
Protective relaying is a vital part of any electric power system, unnecessary during normal operation but very important during trouble, faults, and abnormal disturbances [1] . Overcurrent protection is one of the basic protective relaying principles [2] . Overcurrent relays are widely used for the protection of transmission and distribution networks [3] . For the over-current protection, the relay operates with or without an intended time delay and trips the associated circuit breakers when the current flowing into the relay exceeds a setpoint value [4] . In power system protection, inverse definite minimum time (IDMT) over-current relays are employed to protect systems from the excessive currents that occur either due to short-circuits or over-load conditions [5] . IDMT characteristics are selectable from a choice of some IEC/IEEE curves [6] .
The idea of using neural networks in protective relaying is not new. Various applications of neural networks were used in the past to improve some of the standard functions used in protection of transmission lines. They have been related to fault classification, fault direction discrimination fault section estimation, adaptive relaying, auto reclosing and fault diagnosis [7] . The adaptive linear neuron (ADALINE) is another adaptive neural network that has been employed for various types of applications. The ADALINE has a simple structure (a single neuron) and online training has a very low computational cost, it is able to quickly detect any changes on the input signals. These advantages justify the integration of the ADALINE in our development [8] ; the simplicity of its architecture is an additional advantage for a possible hardware implementation [9] .
In this paper, a detailed model of an IDMT overcurrent protective relay based on ADALINE is provided. To evaluate its performances, the model is designed and subsequently implemented for simulation using the Matlab simulation software package. Once the simulation of the model is carried out, the model is then validated by hardware-in-the-Loop (HIL) tests using the Sepam series 80 (S80) protective relay from Schneider Electric in the SCAMRE laboratory via the OP5600 real-time digital simulator of the OPAL-RT's Technology. The proposed protective relay has two advantages as following: First, it is an intelligent relay because it is based on a method of the artificial intelligence. Secondly, the proposed model supports the three IDMT characteristic curves according to the IEC60255 standards: standard inverse (SI), very inverse (VI) and extremely inverse (EI).
IDMT OVERCURRENT RELAY
Overcurrent relays are widely used for protection of power systems [10] . The overcurrent relays must operate rapidly to minimize fault duration and damage of equipment [11] . The time curves of overcurrent relays are appropriate for equipment protection because they allow temporary overload conditions [12] . Inverse definite minimum time relay has inverse time characteristic, where the relay operation time is inversely proportional to the fault current. If the fault current is higher, the operation time of relay will be lesser [13] . These relays are classified based on their characteristic curves, which define the speed of operation [14] . As defined by IEC60255 standards; the relay has three IDMT characteristic curves. where, TMS and Is are the time multiplier setting and pickup current setting of the relay, respectively and If is the fault current passing through the relay [16] .
ADALINE
Known as an artificial neural network, ADALINE has two layers with n inputs and one output. ADALINE output is a linear combination of its inputs. ADALINE has some specific main characteristics including its easy online training according to the inputs and the changes of the target response, the ability of being applied to the learning weights, and its simple structure which contributes to its easy implementation on the hardware [17] . ADALINE structure is shown below in Figure 1 .
If X(k) is an input vector to the ADALINE at sample time k, and n is the number of inputs, W(k) is the weight vector, the output of ADALINE at sample time k is a dot product of a trained weight vector and the input signal vector as that stated in Eq. (4) [18] :
where, W T (k) is the transpose of W(k) vector.
In order for the ADALINE output to precisely mimic the desired value, the weight vector is adjusted utilizing an adaptation rule that is mainly based on LMS algorithm. This rule is also known as Widro-Hoff delta rule [19] .
Weights adjustments are done by Eq. (5) .
where, μ is the learning rate; ε(k) is the difference between the desired output Y d (k) and the estimated output Ŷ(k) at sample time k; X T (k) is the transpose of X(k) vector. The learning rate μ determines stability and convergence rate. For time independent input patterns, the weight vector means and variance convergence is ensured for most practical purposes if 0 < μ < 1 [20] . Figure 2 below presents the proposed model of the IDMT overcurrent protective relay based on ADALINE. The model is constituted of various blocks wherein ADALINE forms the main block. The ADALINE block is implemented with a learning rate μ = 0.5; this value is experimentally adjusted to ensure stability and optimal speed of weights convergence [21] . The ADALINE block receives the measurement signal from a current transformer (CT) after it has been passed through a low-pass filter for the noise elimination and digitally converted. The implementation of an ADALINE block in the proposed model aims to identify the magnitude of the fundamental current. The inputs are sine and cosine signals and the output of the ADALINE block is the magnitude of the fundamental current. In the space of discrete time, the one phase fault current i cc (k) of the electrical supply network can be decomposed into Fourier series in the following way [22] :
DESIGNING AND IMPLEMENTATION FOR SIMULATION
where, i F (k) is the fundamental current; i H (k) is the harmonic current.
We are interested in the fundamental current given by:
where, I F is the magnitude fundamental current; W is the fundamental frequency; α is the phase between current and voltage; T s is the sampling period. Eq. (7) can be developed into Eq. (8): The Eq. (9) of the fundamental current can thus be written as a linear combination as it is represented by Eq. (10) which can be learned by the ADALINE:
In the Eq. (11), W T (k) represents the weight vector and X(k) is the input vector composed of the cosine and sine components at sample time k.
The estimated fundamental current in the ADALINE output is compared to the filtered measurement signal from the current transformer at each sampled time, the error ε(k) is used the ADALINE weights with a Least Mean Square at each iteration [23] . Training the ADALINE with the LMS algorithm, the magnitude of the fundamental current can be readily calculated from the elements of the weight vector as follows [24] :
The magnitude of the fundamental current (I F ) is subsequently received by a block which calculates its RMS value. The RMS value of the fundamental current is compared to a given set-point (I s ). If it exceeds this set-point, the IDMT block becomes active. The IDMT block and, depending on the chosen IEC curve and TMS value, calculates the operation time required to tripping. It sends a trip signal once the operation time is elapsed. The operation of the IDMT block is managed by an implemented algorithm presented in Figure 3 . The implemented algorithm in the IDMT block receives as inputs the values of: I F , I s and TMS. For each time in which the IDMT block becomes active, the algorithm makes tests to identify the chosen IEC curve to use its equation in the calculation of the necessary operating time to deliver a trip signal. the IDMT block has three inputs allowing the user to choose the desired IEC curve.
To test its performance, the model of the IDMT overcurrent protective relay based on ADALINE was implemented for simulation using the Matlab simulation software package, the model must monitor the overcurrent in a simple radial power system shown in Figure 4 . The role of the model is to detect the overcurrent and to separate the power source with the remainder of the radial power system by opening the circuit breaker.
The implementation for simulation of the model of the IDMT overcurrent protective relay based on ADALINE was performed in three steps. For each step, one of the three IDMT characteristic curves was activated. The first step was performed to test the reliability of the model by activating the standard inverse curve. The second was devoted to the very inverse curve and the third test was executed by activating the extremely inverse curve.
For each of the three tests of the implementation for simulation of the proposed model, different values were chosen for the TMS. The chosen values were (0.010 Sec, 0.030 Sec, 0.050 Sec).
For all the simulation steps, a value of (2400 A) was defined as a set-point, this value is equal to a (1.2) multiplied by the nominal current of the power source of the radial power system used for the simulation. This choice is the most adopted in real cases.
In the radial power system used for the simulation, a threephase ground fault was applied at a time t = 0.1 Sec for all the tests. The results for standard inverse, very inverse and extremely inverse characteristic curves are presented by graphs ( Figures 5, 6 and 7) and subsequently discussed.
The results of a single phase are presented (Phase A) as it's a case of symmetrical fault and the other two phases will be phase shifted by 120 degrees. The current trends are represented using the per unit system by adopting a reference value of 10000 A.
In all the graphs, Ia is the current received by the model of the IDMT overcurrent protective relay based on ADALINE from a TC, I adaline is the fundamental current identified by the ADALINE block. Infinitesimal errors between Ia and I ADALINE have been recorded, they are due to the choice of an intermediate value for the learning rate (μ = 0.5). The choice of a high value for the learning rate, eliminates totally the errors between Ia and I ADALINE but can generate an instability in the functioning of the proposed model. The results obtained during the implementation for simulation of the model of the IDMT overcurrent protective relay based on ADALINE have shown its reliability as an overcurrent protective relay. Based on one of the artificial intelligence methods, the model had the ability to identify the fundamental current and detect their overshoot for the setpoint.
TMS
The Table 1 below summarizes the results of all the tests carried out during the implementation of the model of the IDMT overcurrent protective relay based on ADALINE for simulation via the MATLAB simulating software package.
The model and during all the tests had calculated the operating time necessary for the tripping and it had consequently sent a trip signal to the circuit breaker once the calculated operating time elapsed. It is necessary to confirm the accuracy of the proposed model regarding the calculation of the operating times, the HIL validation section is dedicated to this topic. 

HARDWARE-IN-THE-LOOP VALIDATION
The validation of the model of the IDMT overcurrent protective relay based on ADALINE is required. The relay model can be verified by comparing the simulation results to the physical relay testing results [25] . In order to validate the results obtained during the simulation tests, a comparison with a real protective relay has been carried out within SCAMRE laboratory.
For this purpose, a hardware-in-the-loop (HIL) has been established for an S80 protective relay from Schneider Electric using the OP5600 real-time digital simulator of the OPAL-RT's technology. A similar model of the radial power system used in the simulation was again used for HIL validation. The radial power system has been developed and adapted to the hardware configuration of the OP5600 using the SimPowerSystems (SPS) toolbox of MATLAB/Simulink as shown in Figure 8 . The workstation on which the RT-LAB software is installed makes it possible to compile, load and run the radial power system developed on Matlab/Simulink in the OP5600 realtime simulation module.
The OP8610 module was used as an interface between the S80 protective relay and the OP5600 real-time simulation module. It amplifies the current delivered by the OP5600, the send it to the CT connection input on the S80 protective relay. OP8610 receives and transmits to the OP5600 module the trip signal issued by the S80 protective relay in case of the overcurrent fault detection. The workstation on which the SFT2841 software is installed is used to communicate with the S80 protective relay and to parameterize it. This workstation makes it easy to select the overcurrent trip set-point, the TMS values and the desired IDMT characteristic curve.
The S80 protective relay has been submitted to the same tests carried out for the model of the IDMT overcurrent protective relay based on ADALINE during its implementation for simulation. The same set points, TMS values and IDMT curves were chosen for another time in order to obtain results with which the results of the simulation could be compared.
For all tests of the HIL, a three-phase ground fault was applied at a time t = 0.1 Sec in the radial power system developed under Matlab/Simulink and charged in the OP5600 real-time simulation module. Table 2 below represents a comparison between the tripping instants obtained during the implementation for simulation of the model of the IDMT overcurrent protective relay based on ADALINE and tripping instants obtained during the HIL validation. By analyzing the results presented in Table 2 . It is clearly noteworthy that the tripping instants obtained during the implementation for simulation for the model of the IDMT overcurrent protective relay based on ADALINE and tripping instants obtained during the HIL validation are almost identical. Based on the simulation results and the HIL validation results, the proposed model has shown its reliability as well as an IDMT overcurrent protective relay based on one of the artificial intelligence methods. The model proposed in this paper had the ability to accurately identify the fundamental current and delivered a tripping signal according to the selected IDMT characteristic curve according to the IEC60255 standard in the case where this fundamental current exceeds the set-point.
Errors of very low values (2 to 5 mSec) were recorded between the simulation tripping instants and the HIL validation tripping instants, because the Matlab simulation software package gives ideal results compared to real experiments using the Sepam series 80 protective relay.
CONCLUSION
In this paper, a model of an IDMT overcurrent protective relay based on ADALINE has been proposed, developed and tested in simulation via the Matlab simulation software package. The model identifies the fundamental current via one of the artificial intelligence methods; ADALINE is the opted method. The model has also the features of the three IDMT characteristic curves according to the IEC60255 standards: Standard inverse (SI), very inverse (VI) and extremely inverse (EI). In the SCAMRE laboratory and via the OP5600 realtime digital simulator of the OPAL-RT's technology, the proposed model has been validated by carrying out a hardware-in-the-loop for the S80 protective relay from Schneider Electric. The results of the simulation tests and the HIL validation tests were compared and were eventually almost identical, which confirmed the reliability of the proposed model; its algorithm can be used to develop a valid intelligent IDMT overcurrent protective relay. Several features can be added in future to the IDMT overcurrent protection relay model based on ADALINE namely the faults localization and the faults classification by adding other inputs to the ADALINE block.
